Abstract. Hirschsprung's disease (HD) is a development disorder of the enteric nervous system in which the altered innervation explains the inability of the aganglionic segment to relax. Impairment of cytoskeleton in SMC of aganglionic bowel has been shown. Sarcoglycan subcomplex (SG) may support the development and maintenance of muscle cells. We examined the SG subunit expression in colonic aganglionic and ganglionic specimens obtained from patients with HD. Full-thickness bowel specimens were obtained from six patients with HD. Six normal colon specimens were used as controls. Immunofluorescent analysis and reverse transcriptase polymerase chain reaction evaluation were performed for ·-, ß-, Á-, ‰-and ε-SG. In control colon, the indirect immunofluorescence showed a strong staining pattern of ß-Á-‰-and ε-SG while a weak positivity of ·-SG was recorded. In aganglionic bowel, immunofluorescence intensity values documented a significant lack of ε-SG while an enhanced ·-SG, coupled to a loss of ε-SG, was recorded in ganglionic bowel in HD-affected patients. Our observations underscore the assumption that non-neuronal elements of the colon might play a key role in the pathogenesis of HD and loss of Â-SG might critically alter the cytoskeleton in the aganglionic bowel segment. Up-regulation of ·-SG is probably an acquired phenomenon to reinforce the sarcolemma and to perform a forceful contraction in dilated ganglionic HDaffected colon, related to chronic pseudo-obstruction, contributing to the intestinal dysmotility that persists in 20% of patients after resection of the aganglionic bowel.
Introduction
Hirschsprung's disease (HD) is a development disorder of the enteric nervous system characterized by the absence of the ganglionic cells along a variable portion of the distal intestine. Physiologically, the altered innervation explains the inability of the aganglionic segment to relax and, as a consequence, it remains tonically constricted, generating a functional obstruction to the normal propulsion of the colonic content (1,2). Langer et al (3) focused on the influence of smooth muscle cells (SMC) on neural development adding neurons to the established primary cultures of SMC from specimens of normal and aganglionic bowel. They documented that neuronal development is impaired significantly during co-culture with aganglionic SMC (3) and normal maturation is inhibited in neurons cultured with SMC of aganglionic colon in comparison to normal colon (4) .
Moreover, Nemeth et al showed an impairment of contractile apparatus and cytoskeleton in SMC of aganglionic bowel (5) . In particular, Nemeth et al described a lack of desmin, an intermediate filament protein of SMC, vinculin, a functionally related protein of adherent junctions, and dystrophin (5) in intestinal aganglionic specimens. The latter is a plasma-membrane associated cytoskeletal protein of the spectrin superfamily and binds to sub-plasmalemmal actin filaments via its amino-terminal domain. The carboxyterminus of dystrophin binds to a plasma membrane anchor, ß-dystroglycan, which is associated on the external side with the extracellular matrix receptor, ·-dystroglycan, which binds to the basal lamina proteins, laminin 1, laminin 2 and agrin (6) .
In the SMC, the dystroglycan complex (DGC) is associated with the sarcoglycan complex (SGC) (5) (6) (7) (8) (9) (10) , in order to provide a mechano-signalling connection from the cytoskeleton-toextracellular matrix (ECM) in myocytes (11) (12) (13) (14) . SGC plays a key role at the membrane and it is crucial in maintaining sarcolemma viability in muscle fiber membrane (12) . Moreover, SGC may be important in maintaining proper calcium ion balance or may support the development and maintenance of muscle cells through signaling functions (15) . The SGC consists of five transmembrane proteins: ·-SG, type-1 transmembrane protein, with amino-terminus on the intracellular face of muscle cells specifically expressed in skeletal and cardiac muscle; ß-SG, a type-2 transmembrane protein that is abundant in cardiac and skeletal muscle; Á-and ‰-SG, also type-2 glycosylated transmembrane protein, highly similar among themselves and to ß-SG (14) ; ε-SG, homologous to ·-SG, a single-pass type I transmembrane protein with a short cytoplasmic tail containing three putative protein kinase phosphorylation site (16) , associated with ß-and ‰-SG in SMC (14) .
It is reported that the integrity of SG complex seems to be essential for the viability of smooth muscle (11, 14) , so that the sarcoglycan subunity mutations or loss is accompanied by pathology (17) (18) (19) (20) (21) .
Although numerous studies have been carried out on SGC in pathological smooth muscle, there are insufficient data on the role of these proteins in the cystoskeletal alterations of SMC in bowel of patients affected by HD.
Addressing this issue, we examined the SG subunits expression in colonic aganglionic and ganglionic specimens obtained from patients with HD, performing immunofluorescence and molecular investigations.
Materials and methods
Muscle biopsy samples. Full-thickness bowel specimens were obtained from six patients (age 4.8±5.4 years, ranged 4 months to 13 years) with HD who underwent pull-through procedure. The diagnosis of HD was performed preoperatively from rectal biopsies by acetylcholinesterase and ·-naphthylesterase enzymo-histochemistry (Bio-Optica S.p.A, Milan, Italy, code 30-50110 and 30-50111). Six normal colon specimens of matched-aged subjects with no evidence of intestinal diseases and no history of constipation, were collected during organ explantation. The biopsy specimens were analysed using immunohistochemistry and RT-PCR technique. All patients gave their informed consent. The investigation conformed with the principles outlined in the Declaration of Helsinki.
Immunohistochemistry. Segments of intra-operative intestinal specimens were fixed in 3% paraformaldehyde in 0.2 M phosphate buffer at pH 7.4 for 2 h at room temperature. They were then washed extensively with 0.2 M phosphate buffer and phosphate-buffered, pH 7.4, and then with phosphatebuffered saline (PBS), containing 12% and 18% sucrose.
The samples were snap-frozen in liquid nitrogen and 20 μm sections were prepared in a cryostat for their use in a protocol to perform immunofluorescence. The sections were placed on glass slides that were coated with 0.5% gelatin and 0.005% chromium potassium sulphate.
To block non-specific sites and to permeabilize the membranes permeable, the sections were preincubated with 1% bovine serum albumin (BSA) and 0.3% Triton X-100 in PBS at room temperature for 15 min. Finally, the sections were incubated with primary antibodies for 15 min.
The following primary antibodies were used: anti-·-SG diluted 1:100, anti-ß-SG diluted 1:200, anti-Á-SG diluted 1:100, anti-‰-SG diluted 1:50 and anti-ε-SG diluted at 1:100 (all from Novocastra Laboratories, Newcastle upon Tyne, UK).
Primary antibodies were detected using Texas Redconjugated IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Slides were finally washed in PBS and sealed with mounting medium.
The sections were then analysed and images acquired using a Zeiss LSM 5 META (Carl Zeiss; Jena, Germany) confocal laser scanning microscope. All images were digitized at a resolution of 8 bits into an array of 2048x2048 pixels. Optical sections of fluorescence specimens were obtained using HeNe laser (wavelength = 543 nm) and Ar laser (wavelength = 458 nm) at a 62-sec scanning speed with up to eight averages; 1.50-μm-thick sections were obtained using a pinhole of 250. For each reaction, at least 100 individual fibers were examined to obtain a statistical analysis.
Contrast and brightness were established by examining the most brightly labelled pixels and choosing setting that allowed clear visualization of the structural details while keeping the pixel intensity at its highest (~200). Each image was acquired within 62 sec, in order to minimize photodegradation.
The 'display profile' function f the laser scanning microscope was used to show the intensity profile across an image along a freely selectable line. The intensity curves are shown in a graph below the scanned image. Digital images were cropped and figure montages were prepared using Adobe Photoshop 10.0 (Adobe Systems, Palo Alto, CA).
Statistical analysis. Student's t-test was used to compare fluorescent intensity values (obtained using display profile mode) of each SG subunit (·-, ß-, Á-, ‰-, ε-SG) in each group (control, aganglionic colon and ganglionic HD-affected colon). Quantitative values are expressed as the mean (Standard Deviation) and statistical significance was accepted at p<0.05.
RT-PCR.
We collected tissue samples of human control and HD-affected intestinal specimens, evaluating the expression of ·-, ß-, Á-, ‰-and ε-SG in each of them by RT PCR.
Total RNA isolation. Each tissue sample (50-100 mg) was homogenized using a power homogenizer (Ultra Turrax IKA -Werke GmbH, Staufen, Germany). Total RNA was isolated by procedures based on the monophasic solution of phenol and guanidine isothiocyanate upon single-step RNA isolation (Trizol ® Reagents, Invitrogen, Carlsbad, CA).
RT PCR analysis. The RT-PCR procedure was carried out using the two-step protocol (GeneAmp Gold RNA PCR reagent core kit, Applied Biosystems, Foster City, CA) in a thermal cycler (GeneAmp PCR System 9600 PE, Applied Biosystems). In the first step, an initial reverse transcription reaction (RT) was carried out in 20-μl volume containing 3 μg of total RNA, 10 U RNase inhibitor, DTT 10 mM, 15 U Multiscribe Reverse Transcriptase and oligod(T) 16 1.25 μM under the following thermal cycler conditions: hold 10 min at 25˚C and 12 min at 42˚C.
In the second step, a further independent PCR was carried out in 50-μl volume containing 5 μl of cDNA of the first step (RT) as template, 2.5 U AmplTaq Gold DNA Polymerase and 0.2 μM of each primer designed by us of mRNA sequences.
DNA amplification was performed conventionally; each sample together with an internal control was subjected to 30 cycles of amplification (exponential phase of amplification) consisting of 30 sec of denaturation, 30 sec of annealing and 40 sec of extension. The final extension step at 72˚C was extended to 7 min. The annealing temperature was optimized for each primer set.
For each component of the SGC, human GADPH cDNA as internal control was used. The sequence of sarcoglycans was later confirmed by nucleotide sequencing analysis.
Nucleotide sequencing analysis. Amplified DNA was purified using a commercially available kit (GFX PCR DNA and Gel Band purification kit; Amersham Biosciences, Piscataway, NJ). The fragments extracted were directly sequenced with the primers used for the RT-PCR assay and labeled with the ABI PRISM Big Dye terminator cycle sequencing method, according to manufacturer's instructions, on a 377 ABI PRISM sequencer analyzer (Applied Biosystems). ABI sequencing Analysis 3.4.1 was used to process the raw sequence data and ABI Sequencing navigator to align sequenced data.
Results
In order to analyze the immunostaining patterns of SGs in our samples we performed immunofluorescence analysis of the human intestinal biopsies from control patients and from patients affected by HD.
A common feature of all SGs was their sarcolemmal expression. First, we analyzed the biopsy of the patients with no evidence of intestinal diseases. These control reactions showed a strong staining pattern of ß-Á-‰-and ε-SG (Fig. 1B-D) while a weak positivity of ·-SG was recorded (Fig. 1A) Table I .
Secondly, we performed immunostaining on intestinal specimens from patients with aganglionic and ganglionic-HD bowel. In patients with HD-aganglionic bowel, immunofluorescence analysis revealed that immunostaining of ·-SG was slightly but not significantly increased ( Fig. 2A) , compared with that of the control, while the immunostaining of the ε-SG was severely reduced (Fig. 2E) ; other sarcoglycan subunits showed not significant modifications (Fig. 2B-D In ganglionic-HD affected specimens, interestingly, immunofluorescence intensity of ·-SG was increased (Fig. 3A) , compared to control and to aganglionic-HD bowel; also the analysis of the immunostaining of ·-SG revealed a decrease of this subunit (Fig. 3E) . Other sarcoglycan subunits showed not significant modifications (Fig. 3B-D (Fig. 3) . Student's t-test values are summarized in Table I .
To confirm the protein staining patterns, we used the 'display profile' software function of the laser scanning microscope for selected samples. This additional analysis, which reveals the fluorescence intensity profile across an image along a freely selectable line, converted the immunofluorescence signal into a graph.
The display profiles of the control specimens showed lower peaks of fluorescence for ·-SG (Fig. 4A) and clear peaks for ·-SG (Fig. 4B) . The profiles for ·-SG in aganglionic-HD bowel showed lower peaks (Fig. 4C) , while the peaks of ·-SG, in same specimens, showed almost absent peaks (Fig. 4D) . By applying this analysis to the intestinal samples taken from the patients with ganglionic-HD bowel, it was possible to show that the peaks of ·-SG were increased in (Fig. 4E) , while the peaks of ·-SG were slightly increased as compared to aganglionic colon they were lower than in control specimens (Fig. 4F) . Using RT-PCR and nucleotide sequencing analysis with specific primers, the expression of ·-, and ε-SG in control, in aganglionic and ganglionic HD-affected intestinal specimens was confirmed (Fig. 5) . By this techniques the immunofuorescence results of ß-, Á-, ‰-SG were also confirmed (not shown in RT-PCR figure).
Discussion
It is known that HD is characterized by the presence of a non-propulsive, non-relaxing aganglionic segment of the intestine (16), due to the absence of enteric ganglia containing cholinergic neurons, interneurons and non-adrenergic, noncholinergic neurons, accompanied by increased cholinergic and adrenergic nerve fibers (1,2) . The exact pathogenesis of this motility disorder and the increased tone of the aganglionic segments is not fully understood (3, 5, 22, 23) . It was demonstrated that in patients with HD, SMC cytoskeleton-ECM relationships are altered because the absence of laminin (24) , desmin, vinculin and dystrofin (5) . The interaction of DGC with components of the ECM may have an important role in force transmission (25) and the integrity of the DGC seems to be essential for the viability of SMC because disruption of the complex, due to a defect in dystrophin or any one of the SGs has been reported to cause various forms of muscular dystrophy or pathology (17) (18) (19) (20) (21) . Moreover, SG complex reinforces the dystrophin-dystroglycan molecular linkage between the ECM and cytoskeletal actin (26) .
In our study, we assessed the hypothesis that an alteration of SGs could explain the cytoskeletal alteration of SMC in colons affected by HD, as compared to control ones. Our previous immunohistochemical and molecular studies on many sites of the human body, demonstrated that all sarcoglycans, with higher or lower expression, are expressed in human smooth muscle fibers hypothesizing the intriguing possibility of the existence of a pentameric arrangement of the SGC. The higher or lower expression of sarcoglycan subunits could be in conformity with the location and function of smooth muscle (14, 27) .
In control ganglionic colons, our immunohistochemical data and relative semiquantitative analysis provided by the software function 'display profile' applied to each SG subunit, and our molecular data obtained by RT-PCR demonstrated a normal pattern of ß-, Á-, ‰-and ε-SG while a reduced but clearly detectable staining for ·-SG was recorded. These results confirmed that ε-SG is an integral component of the DGC in SMC of colons. In contrast, we noted a significantly lower expression of ε-SG in aganglionic bowel than in the normal bowel. It was hypothesized that ε-SG might often replace ·-SG in SMC. It is known that the loss of the SGC clearly has an adverse effect on the maintenance of proper function in myocytes (15) . In particular, loss of mutation of ε-SG is reported to cause the myoclonic dystonia syndrome in humans and anorectal manometric findings in HD (1) might be in accordance with a lack of ε-SG. It is suggestive also that Â-SG is highly expressed in the developing nervous system (15) , so that mutations in the human ε-SG gene are associated with defects in the nervous system, possibly affecting neuronal development and patterning (28) . In this manner, a segmental down-regulation of ε-SG during embryonic development might explain both SMC and neuronal abnormality in colon affected by HD.
A deleterious influence on neuronal development in coculture with aganglionic SMC has been suggested (3). Therefore, a lack of ε-SG in SMC during embryonic life might impair the course of neuronal development, because the ongoing evidence for a consistent tropic and trophic interaction between nerve and target (3). Intestinal SMC probably plays a major role in guiding and influencing its own innervation (3) and our data documented an alteration of SG subcomplex, implying subsequent nerve alterations. Another explanation for the down-regulation of ε-SG could be ascribed by reduced amplitude of contraction and relaxation of the smooth muscle fibers of the constricted colon caused by absence of ganglia and altered intestinal peristalsis. This condition could provoke a loss of mechanical stress transmitted over cell surface receptors that physiologically couple the cytoskeleton to the ECM or to other Figure 5 . Two percent agarose gel electropherogram of RT PCR products amplified using human RNA as template, primer pairs of ·-and ε-SG and primer pairs of GADPH (internal control). bp, base pairs; C-, negative correlation.
cells. Therefore, mechanical signals could be integrated with other environmental signals and transduce into a biochemical response through force-dependent changes in scaffold geometry or molecular mechanism by multimodular tensegrity architecture (29) . Resultant changes in the topology of these networks could alter cellular biochemistry directly. Consequently, these mechanical changes could cause modifications of chemical signals, although variations of the structural pathways of SG subcomplex and promote down-regulation of ε-SG.
The significant up-regulation of ·-SG in ganglionic-HD affected colons is important. The ·-, ß-, Á-and ‰-SG are typically expressed in skeletal muscle cells while ε-SG usually replaced ·-SG in SMC to form the DGC (30) . As regards, ·-and ε-SG genes appear to have originated from a common ancestor by gene duplication, showing 43% amino acid identify (31), but the above proteins have different roles. In contrast to skeletal muscle, which is specialized for relatively forceful contraction of short duration, smooth muscle is specialized for continuous contractions of relatively low force producing diffuse movements, resulting in contraction of the whole muscle mass rather than contraction of individual motor units (30) . In this manner, ganglionic HDaffected bowel has to win a functional intestinal obstruction, and it probably expresses ·-SG rather than ε-SG because ganglionic HD-affected colon must acquire a mechanic reinforcement of sarcolemma to maintain membrane integrity during cycles of contraction and relaxation and modify its peristaltic pattern, producing a more forceful contraction.
In conclusion, our results demonstrate that in both aganglionic and ganglionic colon of patients with HD, SG subcomplex are significantly abnormal in SMC. Our observations underscore the assumption that non-neuronal elements of the colon might play a key role in the pathogenesis of HD and the loss of ε-SG might critically alter the cytoskeleton in the aganglionic bowel segment. Up-regulation of ·-SG is probably an acquired phenomenon to reinforce the sarcolemma and to perform a forceful contraction in dilated ganglionic HD-affected colon, related to chronic pseudoobstruction, contributing to the intestinal dysmotility that persists in 20% of patients after resection of all aganglionic bowel.
